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but not UAG. More recent data utilizing mini-mRNA temOverall Architecture plates have indicated that release factors recognize the The polypeptide chain of eRF1 is organized into three stop codon in frame with a sense codon at the P site domains of similar size with a structure reminiscent of (Grentzmann and segment of chain lacking secondary structure. Domains To provide insights into the molecular mechanisms by 2 and 3 are bridged by a long ␣ helix, kinked at the which eRF1 promotes hydrolysis of the peptidyl-tRNA domain interface. Domain 3 deviates slightly from a stanbond, decodes stop codons, and interacts with eRF3 dard ␣-␤ sandwich fold by the insertion between the and PP2A, and to address the question of tRNA mimicry, ␣-10 helix and central ␤ sheet of a disordered segment we determined the crystal structure of human eRF1 to of chain (residues 334 to 369). Although a portion of this 2.8 Å resolution and performed a functional analysis of region forms a small structured ␤ sheet, the majority of the role of the GGQ motif in yeast eRF1 (Sup45p). The the residues are either poorly ordered or not visible in structure reveals a likely role for the conserved GGQ the electron density map. motif at the peptidyl transferase center of the ribosome and indicates the binding sites for eRF3 and PP2A. By correlating sequence conservation data and the position
Comparison with Bacterial and Mitochondrial of yeast eRF1 mutants that enhance ribosomal stop Class 1 Release Factors codon readthrough, we have mapped the codon recogOn average, the pair-wise sequence identity of eukarynition region onto the molecule. otic and Archaea class 1 release factors is 30%, suggesting that the release factors from these two kingResults and Discussion doms will share similar structures (Figure 2 ). In contrast, no significant similarity exists between the eukaryotic Structure Determination and Archaea RFs sequences and their prokaryotic and The crystal structure of human eRF1 was determined mitochondrial counterparts, suggesting the existence using a combination of MIRAS and MAD procedures, of two distinct protein families (Frolova et al., 1994). yielding an interpretable electron density map at 3.1 Å Moreover, we expect that these two families will adopt that allowed the placement of over 80% of the protein different protein architectures since a secondary strucsequence, a process aided by seven selenomethionine ture prediction based on 34 multiply aligned prokaryotic sites (Table 1) . Refinement of the partial model using RF1/RF2 and mitochondrial RF sequences indicated a CNS (Brü nger et al., 1998) and the calculation of electron pattern of ␣ helices and ␤ strands that would be incondensity maps from combined phases and later 2F o -F c sistent with the 3-domain ␣-␤ organization of eRF1. maps allowed the remainder of the ordered regions of Although the two families of release factors appear the structure to be determined. The final structure into be unrelated, a striking feature of all release factors cludes residues 5 to 422. Three regions of the polypepis the occurrence of a universal GGQ sequence motif tide are not visible in the electron density map and are (Figure 2 ) (Frolova et al., 1999). Moreover, in all known assumed to be disordered, namely residues 333-342 sequences, the GGQ motif occurs within a context rich and 358-370 and 15 residues at the C terminus. The in arginine and lysine residues, suggesting a universal working and free R factors obtained using data between 30 and 2.8 Å are 0.246 and 0.314, respectively (Table 1) . and essential function in release factor activities. Figure 3B ). Only substitutions of the GGQ motif residues caused lethality, since mutations elsewhere in the GGQ minidomain (for example S179R) had an identical phenotype to the wildtype protein (P. M., H. M. W., and M. F. T., unpublished data).
Role of the GGQ Motif in Translation Termination
In addition to being nonfunctional, yeast eRF1 with mutations of the GGQ motif Gly residues exhibits a dominant-negative phenotype by permitting the weak ochre suppressing SUQ5 tRNA Ser to translate the ade2-1 ochre allele gene containing an internal in-frame ochre stop codon. The double mutant G180A-G181A grew on Minimal Medium lacking adenine whereas wild-type could not, and those containing either the G180A or the G181A change displayed a slow growth ( Figure 3C ). These data indicate that the G180A-G181A mutant competes with the wild-type protein for the internal ochre codon of the ade2-1 gene, although it does not lead to a loss of viability. Our results demonstrating that residues of the GGQ motif are critical for the in vivo function of eRF1 agree with a recent study using an in vitro assay that the ability of human eRF1 to trigger peptidyl-tRNA hydrolysis is abolished by alterations of the GGQ motif Gly residues (Frolova et al., 1999). Human eRF1 with single Gly substitutions is dominant-negative in vitro, inhibiting the peptidyl-release activity of wild-type eRF1. Moreover, mutation of the GGQ motif Gly residues does not impair the ability of eRF1, together with the ribosome, to induce eRF3 GTPase activity (Frolova et al., 1999). Our genetic data, together with the biochemical data of Frolova et al. (1999) , indicate that all residues of the GGQ motif function to promote the hydrolytic activity of the peptidyl transferase center but that the GGQ motif is not involved in either codon recognition or ribosome and eRF3 interactions. nium group of the invariant Arg-189 residue and in turn, the main-chain amide group of Arg-189 donates a hydroochre ade2-1 allele leading to adenine prototrophy, gen bond to the hydroxyl-group of Ser-186. The GGQ while viability was tested after elimination of the URA3 minidomain is abundant in Arg and Lys residues, a feaplasmid carrying wild-type eRF1. All the mutants grew ture that creates a marked positive electrostatic potenon selective or rich medium at 30ЊC prior to the eliminatial on the protein surface ( Figure 4B ). tion of the wild-type eRF1 gene indicating that none of Class 1 release factors function to coordinate a water them had a dominant-lethal effect over the wild-type molecule at the peptidyl transferase center of the riboprotein ( Figure 3A) . Elimination of the URA3 plasmid, some at the same position as an amino group of an A site aminoacyl tRNA molecule. Nucleophilic attack of carrying the wild-type copy of eRF1, in cells producing Our structural data allows a reevaluation of the tRNA mimicry hypothesis. The structure of eRF1 displays overall structure to a tRNA molecule. 
